Given the excellent safety and efficacy data on gene augmentation therapy to target the rare congenital blindness Leber congenital amaurosis (LCA) and the potential approval of a gene therapy reagent for this condition, there is increasing interest in extrapolating these successes to other blinding conditions. There are now more than 260 different genes and associated diseases that could become gene therapy targets (1) . These potential candidates include all of the diseases classified as retinitis pigmentosa (RP), a condition that affects 1.5 million people worldwide. Additionally, more prevalent complex blinding conditions, including age-related macular degeneration (AMD) and glaucoma, which affect 8.7% (2) and 3.5% (3) of the world's population, respectively, also have potential to be targets for gene augmentation therapy. The challenges of developing a gene-based treatment for each specific form of blindness are formidable, as each new transgene must be incorporated into the appropriate virus, the reagent and its safety must be tested in preclinical models, and then the reagent must be rigorously tested in clinical trials before a product can be approved. The total price tag for each potential gene or disease target easily exceeds tens of millions of dollars and is accompanied by indefinite timelines. Therefore, there is a great need for developing a generic strategy to treat congenital blindness that could be applied to a diseased eye or retina, regardless of the molecular cause. In this regard, the studies reported by Xiong et al. (4) and Venkatesh et al. (5) are very exciting in that they describe manipulation of cell survival pathways that could potentially provide reagents to limit disease progression in a very large number of blinding conditions (Figure 1 ).
Both Venkatesh et al. (5) and Xiong et al. (4) evaluated RP, which is characterized by progressive degeneration of photoreceptors as the primary disease target. In most forms of RP, there is a rapid loss of rods, followed by a slower loss of cones ( Figure 1 ). With artificial lighting in the modern world, most patients with RP can still lead a relatively normal life even after many of the rods have been lost, as cones function in bright light. Cones can persist in affected individuals for a prolonged period before dying; therefore, extending the survival of these photoreceptors could potentially maintain sufficient vision to significantly improve quality of life.
The mechanisms of cone cell death in RP are not fully understood, but a few have been proposed. These include, but are not limited to: a dysregulation of key metabolic genes as the disease progresses, leading to nutrient deprivation (6) ; an increase in oxidative stress (7); and lack of trophic support as the surrounding rod cells die (8) . In developing generic treatments aimed at preventing cone photoreceptor cell death, Venkatesh et al. explored the development of nutrient deprivation (5), while Xiong et al. explored excess oxidative stress (4), as the driver of cone loss.
Applying some m"TORC"1
Photoreceptors rely on glucose metabolism and oxidative phosphorylation for the abundant energy required for visual transduction. Glucose is metabolized in photoreceptor outer segments to produce ATP and NADPH. In the absence of glucose, photoreceptors rapidly degenerate (9) . Insulin/mTOR pathways are key in regulating glucose metabolism and uptake and are thus central for cell survival, growth, and homeostasis (10) . It has been previously shown that daily systemic administration of insulin increases mTOR activity and extends cone survival in the rd1 mouse model of RP (6) . This beneficial effect of The use of gene therapy for blinding disease shows growing promise; however, due to an ever-expanding list of disease-causing genes and mutations, the identification of a generic gene-based treatment is urgently needed. In many forms of degenerative retinal disease, there may be a window of opportunity to preserve daylight vision, as the cone photoreceptors degenerate more slowly than do the rods. In this issue of the JCI, Venkatesh et 
and ROS removal, which together increase oxidative stress. In rd1 mice, antioxidant administration can prolong cone cell survival, thereby supporting the hypothesis that increased oxidative stress (11) contributes to cone cell death. Systemic delivery of antioxidants can be toxic, and the observed effect on cone cell survival is transient. Xiong et al. avoided systemic exposure by using a recombinant adenoassociated virus (AAV) to deliver a master antioxidant transcription factor, NRF2, specifically to cone cells. AAV-mediated delivery of NRF2 prolonged cone survival in three different RP mouse models (4). NRF2 is known to combat oxidative stress through multiple mechanisms including vation increased expression of the metabolic genes responsible for glucose uptake, retention, and utilization and promoted NADPH production, which likely reduced ROS and prevented apoptosis. Thus, mTORC1 activation acts in several different ways to increase cone survival -by increasing glucose metabolism, reducing oxidative stress, and preventing apoptosis.
An "aye" for NRF2
Xiong and colleagues explored the targeting of ROS as a potential means of prolonging the lives of cones (4). Rods constitute more than 95% of the photoreceptor population, and as these cells die, there is a reduction in both oxygen consumption insulin is short-lived, leading Venkatesh et al. to hypothesize a feedback inhibition in the mTOR pathway. mTOR interacts with several other proteins to form two distinct complexes, mTORC1 and mTORC2. mTORC1 responds to growth factors, stress, and low energy in the cell to promote protein synthesis, energy metabolism, and inhibit autophagy, while mTORC2 regulates cell survival and cytoskeletal organization (10) . To test their hypothesis, Venkatesh et al. constitutively activated components of the mTOR pathway specifically in cone cells in rd1 mice and determined that activation of mTORC1 markedly improved cone survival, function, and morphology (5). Moreover, mTORC1 acti- 4), it is now possible to expand the list of potential gene candidates that could be used to generically enhance cone survival in blinding disease. Somatic gene transfer has been used in recent years to test the ability of the neurotrophic factor rod-derived cone viability factor (RdCVf) to enhance cone survival in both autosomal recessive and autosomal dominant models of RP (16) (17) (18) .
Regardless of what exact strategy(ies) ultimately serves to sustain cone photoreceptors, it will need to be implemented such that the cones are structurally supported. The rods provide trophic support to cone cells, and, consequently, healthy rod cell transplantation into RP mice lacking rods can delay cone death (8) . Providing physical support, for example with the help of biopolymers, may be important for both cone viability and function (19) . For end-stage retinal degeneration, in which the residual cone cells are nonfunctional or are lost, strategies such as transplanting photoreceptors (20) , implanting electronic prostheses (21), or using optogenetic strategies (22) may be beneficial for restoring navigational vision.
increased expression of ROS-detoxifying enzymes, such as superoxide dismutase 2 (SOD2) and catalase; upregulation of oxidative stress-reducing factors such as NADPH; and increased redox transport. NRF2 also indirectly regulates autophagy, exerts antiinflammatory functions, regulates the unfolded protein response, and promotes mitochondrial biogenesis (12) . The study by Xiong and colleagues (4) is not the first report of the neuronal rescue effects of NRF2, as NRF2 induction was previously found to be neuroprotective in other neurodegenerative models including Parkinson's disease (13) (14) (15) ; however, this is the first time that such effects have been reported after somatic gene transfer in the eye. In the study by Xiong et al. (4), AAVmediated delivery of NRF2 resulted in a more durable rescue of the cones than did delivery of catalase and/or SOD2 alone. Visual acuity improved with AAV-NRF2 treatment, as did cone function. Further, AAV-mediated delivery of NRF2 improved cell survival in acute injury models such as optic nerve crush.
Outstanding questions and future directions
An important remaining question is whether mTORC1 activation or NRF2 induction can lead to an increase in cone survival at later stages of the disease process, such as after the rod cells have died. Interestingly, although Venkatesh et al. (5) induced mTORC1 prior to rod cell death, several mTORC1 downstream targets were expressed only at the onset of cone cell death. In the studies by Xiong and colleagues (4), AAV-NRF2 was delivered to retinae of newborn mice, resulting in transgene expression shortly before massive rod cell death would have taken place. Would it be possible to deliver AAV-NRF2 prophylactically in humans with RP? With respect to the mTORC1 studies, what genes or small molecules can be used to activate this pathway? Is there a transcription factor analogous to NRF2 that could be delivered to the appropriate cells to induce mTORC1? Additionally, specificity is an important consideration, as both NRF2 and mTORC1 are master regulators of several downstream processes, and long-term perturbation of these pathways in human patients may not be well tolerated. An inducible system
